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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

ADVANCE CONFIDENTIAL REPORT 

SIKHI INVESTIGATION OF BOUNDARY-LAYER AND PROFILE- 

DriACf CHARACTERISTICS CF SMOOTH »TINO 

SECTIONS 0? A P-1|.7D AIRPIANE 

By John A.  Zalovcik 

•> 

SUMMARY 

I 

A flight investigation vao made of bounflary-layer 
and profile-drag characteristics or smooth wing aactiona 
of a P-Jj.?D alrpl&ne.    A!eusure;.ient3 v/ere mads at  thrso 
stations on the wings    boundary-layer iaausureiner.ta were 
mada en the upper surface  of the left wing In the  slip- 
stream at 25  porceut 3e.nlapan;  pres^re-distribution 
meaaurenents were ;aade on the upper surface of the  left 
wing at 63 percent senlspon; and wato surveys were nade 
at 63 percent 3e.rJ.3pan of the rinht wing.    The tests 
ware r.ado  In 3trai.?ht flight and  In tvrns over a ruage 
of conditions In which airplane lift coefficients, 
from 0.15 to^O.68, Reynolds numbers fron 7.7 x IC

6 

to 19.7 * 10°,  and Uach numbers from 0.25 to O.69 were 
obtained. 

The results  of  the  Investigation Indicated a 
minirrum profile-drag coefficient  of O.OOuZ for the  smooth 
section at 63 percent seisispan.    At  the highest Mach 
number attained in the  tosts,   ehe  critical Maoh number 
was exceeded by at least 0.01+ with no evidence  of com- 
pressibility shock lossss appearing in the  fom of 
increased width of the wake or increased profile-drag 
coefficient.    For flight conditions approaching the 
critical Uach number,   variations  in uach mrr.ber of as 
much as 0.17 appeared to have no effect on the profile- 
drag coefficient. 

In the  slipstream,  transition occurred at least as 
far back as 20 percent chord on the uaper surface at low 
lift coefficients. 

I 
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In order  to obi.!'!-! u oo-npnrlson of th3  profile-drag 
characteristics of wln^ sections  of low-drug and  oloor 
types under  similar flight conditions,   tests have been 
male of two P-l(-7 a.Lrp]ane&:    the P-1+7IJ airplane, having 
Republic  S-3  sections   and  the XF-U.7K a irr la no,  having 
sections   that  varied fron an NACA oo-saries  3ection at 
the piano  of symmetry to an NACA 67-aerlea sa^.tion at 
the  tip.     The   investigation of the  .vinj aections of the 
XP-V?F airplane   inoludsd   tests;  to determine  the profile 
drat! cf  a wins section outside  the  slipstream and   the 
position of  trtinsitior. on sections  inside  and outside 
the slipstream.    The results of  Ö1I3  Investigation are 
yreser-.ted in reference 1. 

7:a   teatj v.ith tho   r-^'J ^irpl.:ine  roportod heroin 
were  generally similar  In PCO*VJ  to   ehe  tjsts with   the 
Xr-.t-T? airplane  excopt   chat  fie   ta3ur  with   the   P-VTD 
wero extended  to considerably higher Mach numbers  in 
crd:?r  to  obtain SOTIö  information on compressibility 
effisct3  at Mach  n\^:iber3   iJ.rou;*!-:   tho  r.ritical  value. 
The  testa wero r.iade  In streikt flight  a;id steady turns 
at various  nornal accelerations over a ran^e  of indicated 
airspeeds from lr/j  to 33d miles per 1 our at altitudes 
of l^.üOO and 2k,000 feet. 

3Y1IB0LS 

c section chord 

x distance  along choi'd from leading ed^a 

s distance ulong surface  from leading edge 

d asflection of curvature gage 

7 distance  abovo  surface,   position In Wake 

H free-stream total pressure 

H_ total pressure  in boundary layer 
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CPH?TDEN?IAL 



EACA ACR No.  L5Hlla      CONFIDENTIAL 

1 

AH 

Po 

P 

% 

Ty 

11 

ul 

U 

p 

or 

cL 

°d„ 

V 

R 

Mo 

My 

M- 

loas  of  total  pressure  ln walte 

frae-streun static pressure 

local  static pressure 

frse-atream Impact pressure     Ai0 - p0j 

free-stream dynamic pressure    (—P-V^j 

absolute  temperature  In boundary layer 

abaoluta  temperature   Ju3t outside boundary layer 

velocity In boundary layer 

velocity In boundarv layer near surfaca 

velocity  .'uat outside boundary layer 

rrasaura  coei äfflolent      (^ „ P° j 

critical  pressure  coefficient,   corresponding to 
local  velocity of sound 

airplane  lift coefficient 

section profile-drag coefficient 

aileron deflection,  negative  for up deflection 

calibrated airspeed  (airspeed related  to 
differential praajure  uy accepted standard 
adiabatlc formula used In calibration of 
differantial-pre3sure   indicators  and equal   to 
true  airspeed for standard sea-level  conditions) 

tru-3  airspeed 

Reynolds number 

free-stream Mach number 

Mach number  In boundary layer 

Mach number  Just outside bov.ndary layer 
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M critical Mach number 

g acceleration of gravity 

p free-strewn density 

Subscripts: 

R right 

L la ft 

APPARATUS 

The  F-k7r> airplane   la   a low-win;',  single-engine 
monoplane with,  a Pratt !' Whitney F-2JG0-21 engine and 
a four-blade Curties electric propeller  (fig.  1).     The 
airplane has a gross weight of about 12,000 pounds,  a 
wing span of i+1  feet,   and  a wing area of 500 square  feet. 
The wing Incorporates Republic 3-j airfoil sections, 
which have  nressure-listrlh-atinn character is Mc3  similar 
to  those  of Lhe  NrtCA ^pO-aeries sections. 

Three wing sections ware  tasted  (fig.  1):    one  on 
the right wing and one on  the  left wing located  55 per- 
cent 3er.ispan fron t--.e  p] -x-i?  of symmetry,   or  about 2 feet 
outboard of  the  flap  (soctlon Kith aileron);   and one on 
the  left wing located tc.  percent semlspan from  the plane 
of symmetry,   er about 1 foot within the edge of  the pro- 
peller disk.     j,ach of  the  outboard sections had a chord 
of 7«17 feet and a maximum  thicltnoas  of 11 percent chord. 
Tlie   Inboard section in ti?e  slipstream liad a chord of 
3.75 -feet  and a maximum thickness of li(..6 percent chord. 
A photograph of the  teat section on the right v.-ing is 
shown as figure 2. 

The  upper surfaces  of  the  sections on  the  left wing 
and   the  upper and lo*er  surfaces of   the  section on the 
right wing were  faired by filling with glazing putty 
and then sand'ng smooth to reduce   the  surface waviness. 
Wie  surfaces were  then sprayed with  several coats of 
white  lacquer-based oaint  for a protective  coating  and 
sanded lightly  in a chordwlse direction with No.  520 
carborundum paper.     An indication of surface waviness 
wa3 obtained by means of a curvature gage   (fig.  5) with 
legs  spaced !). percent  of the wing section  chord.     The 
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waviness condition of the  faired surfaces  is  indicated 
in figure lj. by the plot of the waviness index    d/c 
against    s/c. 

Boundary-layer racks,  each consisting  of one  static- 
pressure  tube and either one or five  total-pressure tubes 
(fig.  5)»wore used to determine boundary-layer charac- 

teristics.    The  tubes were made of -r-inch brass  tubing  with 
i 

a  Inch wall  thickness.    The  upstream end of the  total- 
32 . 

pressure  tube was  filed und flattened so  as  to  leave an 
1 

opening 0.003  Inch deep and |T inch wide  and to have  a 

0.003-inch wall   thickness.     The  static-pressuro  tube had 
six orifices  0.02 inch In diameter equally spaced around 
the periphery at lj- inches downstream from the hemispherical 

end.    Each  total-pressure  tube  of a rack was connected to 
an    NACA recording multiple munoir.oter and referenced to 
the  static pressure obtained fro-n the  statlc-prossure 
tube  set about 1/4. Inch from the  surface.    With   this 
arrangement,   the impact pressure was measured at various 
distances  above   the   surfacs when  the  six-tube rack was 
used and near  ths surface when tht   two-tube rack was 
used.     The   static prassure measured by the  static-pressure 
tube was referenced to  the  static pressure obtained by 
means  of an airspeed head mounted on a boom 1 chord aheafl 
of the  leading edge  of the right wing tip  (fig.   1). 

Survey3 of  the wake  of the  right wing section were 
made by means of  üie rake  shown in figure 6 mounted 19 per- 
cent  chord behind  the  trailing edge.     The  rake  consisted 
of 2I4. total-pressure   tubes  spaced 0.3  inch and 5 static- 
pressure   tubes  spaced equally across   the rake.     The   total- 
pressure  tubes were  connected  to  an NACA recording 
multiple manometer and referenced to  free-stream   total 
pressure  In order  that  the  total-pressure  loss  at each 
point In the wake could be  obtained.     The   static pressure 
in the wake was measured with  the  three  central  static- 
pressure  tubes,  each of which was connected  to   the 
manometer,   and referenced  to the  static pressure measured 
by means of the airspeed h3ad on the boom at the right 
wing tip.    Wool   tufts were  located on  the upper surface 
near  the  tralling-edge region about 2 feet on each side 
of the center Una  of the  section at 63 percont samispan 
to determine whether any cross  flow existed  that would 
Invalidate  the wake  surveys. 

CONFIDENTIAL 

! 
1 

1 

I 
1 1 li 1 

1 

(• 

I 



COHFEMäHTlAL      I7ACA ACR NO.  LgHll* 

All pressures,   aileron positions,   and normal accelera- 
tions tv«re measured  >:y KAOA recording instruments.     An 
indicating; acceleromafc«r was provided for  the pilot. 

METHOD 

In order  to  obtain fres-strear static  pressure, 
corrections determir.sd from an  aircpead calibration 
were made   to   the  static pressure rieasured by the  air- 
speed head nornted en  als  boom ahead of  the right wiug 
tip,     These  corrections  were  applied  tc  t.11 rreas oroiiients 
for which reference   to frej-3tr'i3r.i static pressure wri3 
required. 

Boundary-layer velocit;; pro^ll°a were determined 
fi-on  the boundary-layer measurements by use of  the 
compre 3 s 1 b 1 e - f 1 ov»  re la t ion 

1 
i J 

u 
U 

(yp)4 /7 

2/7 

1/2 

tHe/PT'-lJ 

'ZzY/2 

V 

1/2 

or,  to  a first-rrd<u- approximation, 

U      BU 

The  airplane  lift coefficient  at which   transition 
occurred at a piven chordwias  position wi,s de'.er-nined 
from a ^lot of  the  ratio    ui/U    against airplane  lift 
coefficient.     The  lift coefficient corresponding to 
transition was chosen at  the elbow of  the curve  a.3  the 
ratio    «i/o    suddenly increased from its  laminar level 
to  its   turbulent lovel. 

The profile-dra^ coefficients were deterainad by the 
irteprating   method of reference 2.;  that is,   the  total- 
prascfura  loss was  integrated across   the wt&e  and  then 
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multiplied by factors depending on free-stream  Impact 
prsssurs, maximum  total-nressure  loss,  static pressure 
In the   *ahe,  and flight Mach mnr.ber. 

TLSTS 

Survey a of  the wcJce  of  the  smooth right wing section 
were made first In straight flight with level-flight 
po*ar and wi th  the . j.  o throttled and  then in 

turns  in or^er to cover a wide range  of flight conditions; 
thac is,  airplane lift coefficients,  Ueynolds numbers, 
and Mach numbers.    Daring  "ha  first flight in turns,   the 
filler us 3d to fair   the wing surface cracked at the 
lealir.g edge of the ammunition-compartment door  (at 
11.5 percent chord).     Sln?e   the cr»c;k could not be kept 
smooth-and  the surface unbroken in nubsequent  flights,  the 
*aki surveys were discontinued. 

Boundary-layer mcasurements were made both with  the 
two-cubs and tue  six-luoa boundary-layer racks  or.  tlie 
upper surface of  t!:e inboard section behind  the propeller 
en  the  left wing.    Measurements cf static pressure  and 
of impact pressure next to the  surface for the deter- 
mination of trancltlon were xade with two-tube racks 
at 5»   l°f   15t  20,  and 25 norcent chord.    Measurements 
of velocity distribution through the boundary layer were 
mads with  the six-tube racks  at 15 and 20 percent chord. 

Transition measurements  on the   upper ourface  of  the 
outboard jactlon on  ehe   left wing were not  feasible 
because of  the span;vl3e crack at the   leading edge of 
the  anmuniticn-cc^partnent door at 11.5 percent chord. 
Static pressures, hcv/ever,  tvare neasured with  ehe 
a tatlc-pr'33sura  tubes of  the 00undary-layer racks at 10, 
15,  20,  Sf),   and i>0 percent chora on the upper  surface 
of this wing. 

The  tests w„re wade  in straight flight  (l^vel flight 
and shallow dives)  at altitudes of 12,000 and 2.'j.,0üJ feet 
over a range  of Indicated airspeeds from 155  to >30 miles 
per hour.     The  airplane  lift coefficients obtained in 
thess  tests ranged frcm 0.15  to 0.63;  the Reynolds 
number,   from 7.7 x  10J  to   1?.2 x 106;  and  the Mach 
number,  fron 0.25  to O.69.    Tests were  also made  in 
turns  at an altitude  of 12,000 feet at indicated airspeeds 

I 

k- 

COKFIJJENTlAL 



8 CCSTCDEUTIAL     WACA ACH Ne.  L5Hlla 

from 256 to j60 miles per hour and at normal accelera- 
tions from l£g to khz-    The airoltne lift coefficients 
In the turns ranged from 0.21 to C.<y&;  Reynolds number, 
from lL.2 x 10J to 19-7 x 1C^;   ar.d Mach number, from 0.1+i| 
to  O.ol. 

h&SULTS APD DISCI'S cTOI.' 

Pressure d' stribi.'tion and CJ itical Mach number.- 
Soiree i-epresenta-ive staEic-jreasure distributions  over 
part of the upper surface of tiio  left wing sections 
at 25 end 63 percent  cemlspan az'e shorn in figure 7. 
The critical iiaah numbers of the  two wins; sections,  as 
determined by the  von Y&v**i&n method (reference ?) from 
pressure-distribution measurements at_gub.Tr.itleal  sieeds, 

are plotted in figure £ against    ~~=t-j;.:.•-!£:-, which 
v/l - K«P2 

represents the lift  inefficient  that would be  obtained 
if  foe Mach nu-aucr ware Increased from    Ko    to    J^r    at 
the angle of atteck corresponding to    Cj,.     The flight 
Nach number and the deflection of the left aileron are 
plotted above  the curves of critical Nach number. 

For the section ht 63 percent semispan,   the critical 
Meoh number varied aoproxlm&tely linearly from 0.66 at a 
lift coefficient of Ö.10 to 0.5I:. at a lift coefficient 
of 0.3C;  for the  section at 25 percent se*"iBpan, the 
vsriation of critical Mach number over the  same range 
of lift coefficients was from O.6.3 to O.L.5.     Although the 
evaluction of critical Mach number involved extrapolation 
by the  von Kanada method of static-pressure data obtained 
at flight tffch numbers ranging from 0.02 to O.3O below 
the  critical value,  the results were in g-^od agreement fnr 
the entire range of the extrapolation.    The extent of the 
extrapolation at varicu3 lift coefficients may be deter- 
mined by comparing the flight Mach numbers at which the 
pres.sure-distrioution measurements were made with the 
critical "seh numbers.     (See fig.  8.) 

According tr the results presented in reference ht 
the critical .Vach numbers  as determined  from measurements 
with stGtio-presrur3 tubes similar to tho?o used in the' 
present  investigation may be as much as 0.01 higher then 
would be obtained fr-<m measurements with orifices flush 
?;ith the wing surface. 
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It  should be noted  that,   since  the  left  aileron was 
deflected upward from I.50 to 3-6° during the  tost3 
(fig.   8),  the critical Mach numbers  at 63 percent seniisoan 
may be somevhat higher than the critical Mach numbers that 
would be obtained with the  aileron neutral.     An indication 
of the magnitude of this  effect is given in reference 5» 
which presents the results of  tests  of a model of a wing 
section with aileron on a P-Li7B-3  airplane.     (The wing sec- 
tions  of this airplane ere  similar to those  of a F-U7I> air- 
plane.)    The results  in reference 5  showed that,  at a 
constant angle of attack in the runga of the flieht tusts, 
the critical Mach number was Mgher by about 0.015 with 
the aileron deflected upward 2° then with the aileron neutral. 

Boundary-layer character!gtlcs  tn  slipstream.-  The 
method of'" determining  'hs  u'.vx.lane  Ili't coefficient,  sec- 
tion Pjeynolds number,  and flight  I.'aoh number corresponding 
to    transition    from measurements with a boundary-layer 
rack In a ;"iven position on the wing surface la  illustrated 
in figure 9 for a rack at 15 percent chord on the upper 
surface In the slipstream (at 25 percent semispan).     The 
broken lines Jn this  figure indicate the conditions  for 
transition. 

•The  results of the boundary-layer reasuremsrvts Indi- 
cated that,  at  low lift  coefficients,   laminar flow was 
obtained at lenst as far back as 20 percent chard on 
the  uoper surface, which Is  about,  ES far back as may 
be expected en a similar wing section outside  the pro- 
peller slipstream.    Laminar flow at 20 percent  chord is 
illustrat3d by typical velocity profiles In figure 10. 
The  lift coefficients,  Reynolds numbers,  nad "aoh numbers 
at which transition was obtained at  10,  15,   and 20 per- 
cert chord are given in figure  11.     At  lift coefficients 
and Reynolds numbers less  than those  indicated by the 
curves fcr 1^, and 20 oercent chord in figure  11,  the 
flow was laminar at thore  chordwise positions.     Although 
transition measurements were al3o n.ade at 5 srd 2lj per- 
cent chord, these data wera not presented,  inasmuch as 
the   flow was  always  laminar at  5 percent chord and 
always  turbulent at 25 percent chord. 

Pi-of ilo drag1 of ir'nr aootlon  rutsie'e   alf pstrpq:".- 
During kll the* tests the wr.ol tufts  ön ti e   iMper  surface 
near 63 percent  semispan of the  rl^ht wing were directed 
Straight back and thereby '.ndicated that the wake  surveys 
were not influenced by cross flow. 

The  profile-drag coefficients  of the  smooth section 
on the right wing are presented  in figure  12 for straight 
flight and in figure  13 for turns.    Flight Mach number, 
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critical Mach 
spsel,  und de 
above  the  oro 
number ehown 
wing section 
(figs.   12 and 
the  critical 
been estimate 
to be of the 
number of the 
v/sUe profiles 
ft gure lit • 

n.r-ber,  »teynolc'r! 
fleotion of the rl 
file-drag curves. 
In figures 12 and 

Inasmuch e-s  the 
13) when the left 

Wach number for th 
d on the  basis of 
order rf 0.02  love 
left wing- section 
obtained la stral 

nuirber, calibrated alr- 
ght aileron are  olotted 

The critical Mech 
1». Is  that  for the  left 
right aileron was down 
aileron ras up  (fig.  8), 

e  right wing section has 
the   results of reference  \ 
r than the  -.ritlcal Mach 

Some representative 
ght flight are  shown in 

In straight flight,  th9  profils-drng coefficient 
varied from V'.OOrf*) at  a lift coefficient  ef 0.68 to 
0.0062 fit a lift coefficient  cf O.15  Ulg.   12).     The 
minimum profile-drag coefficient wan 0.0062.     Within 
the accuracy of the  measurements,  changing from level- 
flight po"/er to glides with engines throttled aopeared 
to have ro effect on  the  profile-drag coefficient. 

The  interpretation of the results of *he  profil9- 
drfig measurements in  turns  (fig.   13)   i.s  como 11 cater!  by 
the fact that a creek developed at  the   leading edge 
of the  arnmunl tlon-corrpartment door  (at  11.5 oercent 
chord)   some time during th<3  fli>tht in which these measure- 
ments were irade.     Ihe  tendency toward lower profile-drag 
coeif'cJents for the  first series rt  turns than for the 
other seriös  Jnilcated thpt  the creek may hnve develoood 
after tb»  ft ret  series  of turns.    At lift coefficients 
greater than 0.i|.0,   tre rrofile-dreg coefficients In 
turns agrsed with th?ae obts'ned In straight flight and 
thereby Indicated that  transition vaa probably  fo'Hirard 
of 11.5 percent chord at  those high lift coeffloients; 
at lift  coefficients less than 0.^0 the prof lle-lr.ug 
coefficients for the second  and third series of  turns 
wore   somewhat higher then these obtained In straight 
flight.     The minimum prof 1 le-drao- coefficient  for the 
second and third series of turns was O.CO66. 

For flight conditions approaohlng the critical 
Mach xi'W'ber,  a  variation In Wach number es  lurge as 0.17 
(Tig.  12)  with a relatively email vrriation in Reynolds 
numbar appeared to have no effect on profllo-drag 
coefficient.     A similar result was  obtained In the  tests 
reported in reference 6 c-n the  same wing section with 
trensition  fiyed near the  loading edge for snoothod and 
i.ioderatoly roujhtned surface.«*.    A comoarison of figures 12 
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and 13  shows  that,  r.t  a lift  coefficient of O.L7,  the 
s^ive  valve of profile-drag inefficient   (within tne 
experimental error)  was  obta'ned «it Mach numbers varying 
from 0,30  to O.59;   in this case, hovever,   the  variation 
in Reynolds number ras  iarga   (10 x 10" to  19 * 13J)  and 
therefore may have had an effect on the  result?. 

At  the highest Mach number attained in  the tests 
(0.69),  the  critical Mach number was exceeded by at 
least O.Oii  (fig-   12)  with no evidence  of compressibility 
shoe1'  losses  appearing in the fcrra cf increased width of 
the  wake   s.nd Increased prof I le-dra^- coefficient.     This 
result appears  to  Indicate either that  irrotational  flow 
without shock existed  to  some extant   at  supsrcritical 
speeds,  as  suggested In references  3,  7J   !*nd 8»   or that 
tie effect of compression shook was of Insufficient 
magnitude  to  be measurable  by present  apparatus  for a 
small  range  of Mach numbers  above  the critical value. 
Mild compression shocks have been indicated by Schlieren 
photographs  obtained in wind  tunnels of NACA 250-series 
airfoils.     These  phntoarophs   show that,   upon attainment 
of local velocity of  söjr.d,  shock first  aopears  as  a 
series of or?. 11 shock raves and builds up to a well- 
established shock  front  as  the  Maoh number Ja  further 
increased. 

CÖSCÜJSIOHS 

The flight investigation of boundary-layer and 
profile-drag  characteristics of wing sections  of a 
F-ii7D airplane that were  specially finished to give 
aerodynamically smooth  surfaces having wa"ins3S  of  erall 
magnitude indicated the   following  results: 

1. Boundary-layer transition at  least  as  far back 
as 20 percent chord »as  obtained en the upper surface  of 
a section in the  slipstream at  lew  lift coefficients. 

2. Tn straight flight   (level flight  and  shallow 
divos)  the  profile-drtg coefficient  of a section outside 
the  aliostream varied fror' 0.0062 at a lift  inefficient 
of 0.15 to 0.007S at  a lift   coefficient of 0.63.     The 
minimum profile-drag coefficient was 0.0062. 

3. At the h'ghest Mach number attained in the  tests, 
the  critical  Mach number wt.s  exceeded  by at  least O.Clj. 
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with no evidence of crn"jressibllity shook losses  appearing 
in the form of Increased width of tha wake  or increased 
profile-drag coefficient. 

k-  f"'or flight conditions approaching the  critical. 
Mach number,   variations  in iv'sch nujsb«* as   large  as 0.17 
appeared to have no effect  on nroi'ile-drc-g coefficient. 

Lsnjiley Memorial Aeronouti col  LüDoratory 
National  Advisory Committee  for Aeronautics 

Lanrley Field,  Va. 
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Figure   2.-  Smooth   test   panel  at   63   percent   serrispan 
Figure   2.     b^.ght  wing  of   p_47D  airplane. 
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Figure U.- S'jrfaca-aavlraia  Indax or smooth urricsi of section! 
on right and laft «Inp.a of P-U73 airplane. 
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Figure  6.-  Wake-survey   rake  mounted   on  wing  of 
P-47D  airplane. 
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